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Introduction
In forested streams where light is a limiting factor
for primary production, energy sources are mainly al-
lochthonous (leaf litter), the metabolic processes being
typically heterotrophic (Fisher & Likens 1973, Min-
shall et al. 1983). In Mediterranean systems, the grea-
test input of plant material occurs in autumn, thereby
providing the potential for decomposition processes.
The initial breakdown of leaves in the stream is main-
ly carried out by aquatic hyphomycetes (Suberkropp &
Klug 1976, Findlay & Arsuffi 1989, Gessner & Chau-
vet 1994, Mathuriau & Chauvet 2002), while the
contribution of bacteria is lower (Hieber & Gessner
2002). This group of fungi is crucial in decomposition
process as it breaks down lignified carbohydrates,
which constitute a natural protection of polysaccharide
components against enzymatic attack (Griffin 1994).
After cellulose, lignin is the most abundant form of
aromatic carbon in the world. Lignin degradation does
not provide a primary source of carbon and energy for
fungal growth, but decay process and utilization of
carbohydrates for fungal growth can occur only with
the coordinate degradation of this carbon (Griffin
1994). 
Decomposition process may be related to variations
in inorganic nutrient availability. It has been observed
that the addition of nitrogen (N) increases cellulase ac-
tivity and decreases lignin-degrading phenol oxidase
activity (Carreiro et al. 2000). Moreover, the chemical
nature of streambed substrata, such as the tannin
content or the physical properties of leaves (high waxy
cuticles), has been proposed as a major determinant of
breakdown rate (Barlöcher et al. 1995). Sinsabaugh et
al. (1992) determined that phenol oxidase activity was
substrate-related but not site-related. 
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Studies on the decomposition of organic matter
(OM) have mainly focused on organic substrata
(leaves and branches) (e. g. Gessner & Chauvet 1994,
Pozo et al. 1998, Diez et al. 2002). However, other ri-
verbed substrata receive significant accumulations of
allocthonous material during autumn. The accumula-
tion of decomposing material occurs in pools or littoral
zones and in debris dam. Specifically, sand sediments
accumulate large amounts of detritic material. 
Here we evaluated the role of fungi on the decompo-
sition of OM during autumn in a forested Mediterra-
nean stream, and studied the way in which their role
was shared between the distinct streambed substrata
(leaves, sand, gravel and branches) where substantial
OM decomposition may occur. For this purpose, we
measured ligninolytic and cellulolytic enzymatic acti-
vities on gravel and sand, on the leaves of several spe-
cies [Alnus glutinosa (Gaertn.), Populus nigra (L.) and
Platanus x hispanica (Mill. ex Münch.)] and on
branches, to determine the most active site of OM de-
composition among the substrata types. We studied the
relationships between enzymatic activities and fungal
biomass (ergosterol content) of biofilms in each sub-
strata, but also, with the physico-chemical parameters
of stream water to establish which variables were
controlling the decomposition process in the different
riverbed substrata. 
Study site
Fuirosos is a third-order stream that drains a forested
catchment area of 10.9 Km2 close to the Mediterra-
nean Sea (NE Spain). The climate is typically Mediter-
ranean, with temperatures ranging from 3°C in Janua-
ry to 24°C in August. Precipitation is distributed irre-
gularly, autumn and spring having most rainfall while
summer storms occur only occasionally. For this rea-
son, flow velocity usually ceases from July to August
until September to October. Mean flow is about 5-20
L/s. Litter fall peaks in autumn. Flooding in autumn
coincides with the increase in water nutrient content as
a result of soil leachates (Bernal et al. 2002) and leaves
input during the fall season. We studied a stream reach
of 33 m in length and 3 to 5 m wide. The stream chan-
nel is characterised by step-pool morphology with lar-
ge cobbles and boulders. Most of plant material input
into the stream was leaf litter from the plane tree (Pla-
tanus x hispanica), alder (Alnus glutinosa), and poplar
(Populus nigra). The accumulation of wood < 2.5 cm
diameter was low (Sabater et al. 2001).
Materials and methods
Sampling
Sampling of leaves, branches, sand and gravel was
performed at fortnight intervals from October 2002 to
January 2003, for a total of seven sampling dates. We
analysed eleven transects (3 m apart) in the reach stu-
died and identified the relative cover (%) of each
streambed substrata every 20 cm. The distinct substra-
ta considered were: fresh leaves, decaying leaves,
branches, sand-gravel (which were classified together
because of the high mixture and compaction of grains)
and rock. Accumulation of detritic material has also
been visually quantified as the fine and coarse organic
material covering the streambed. Current velocities
and water depth were also measured at each sampling
point.
Benthic substrata were randomly collected follo-
wing a stratified sampling design. In total 9 substrata
types (defined as follows) were sampled in 7 sampling
dates. Leaves of three species were collected : Alnus
glutinosa, Platanus x hispanica, and Populus nigra,
considering separately leaves just fallen into the
stream (fresh leaves) and those being already  immer-
sed (decaying leaves). Fresh and decaying leaves were
separated on the basis of the colour and consistency of
the material. For enzymatic analysis, a metal borer was
used to obtain discs (1.3 cm diameter) from the collec-
ted leaves. Sampled branches were 0.5 to 1.5 cm in
diameter and 1.5 cm long, and were obtained by cut-
ting long branches stored in the stream. Sand substrata
was sampled by coring an area of aprox. 2 cm depth
with a plastic container. Sand samples for enzymatic
activities were later collected from the container with
an untapped syringe (ca. 1 ml sand volume per
sample). Gravel samples were taken directly from the
streambed as individual grains of 1.5 to 2 cm diameter.
Sand and gravel samples included the sand grains, the
biofilm which colonised them and the detritic material
which  was accumulated. 
Analysis for enzyme activity was carried out in
samples collected separately, placed in glass vials with
stream water and preserved at 4°C until analysis.
Samples for ergosterol analysis were placed in plastic
vials and frozen (-20°C) until analysis. 
Physico-chemical parameters
At each sampling date, temperature, light, conducti-
vity, pH, and dissolved oxygen were measured in the
field. Incident light was measured with a LiCor quan-
tum sensor (Li-192SB). Filtered (precombusted What-
man GF/F filters) water samples (3 replicates) were
used to analyze inorganic nutrients (ammonium, nitra-
te, nitrite and soluble reactive phosphorus) (APHA
1989). Dissolved organic carbon (DOC) and dissolved
inorganic carbon (DIC) were measured through a Total
Organic Carbon analyzer (TOC-5000, Shimadzu).
Enzyme assays
Enzyme assays of the solid samples (leaves,
branches, sand and gravel) were conducted under sub-
strate saturating conditions (determined from satura-
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tion curves performed previously). Enzyme incuba-
tions (4 replicates plus controls) were done in the dark
in a shaking bath set at stream water temperature.
Each substratum was assayed for three extracellular
enzymes involved in the degradation of holocellulose
and polyphenolic substances: cellobiohydrolase
(CBH, EC 3.2.1.91), phenol oxydase (PO, EC 1.10.3.2
& 1.14.18.1) and peroxidase (P, EC 1.11.1.7). Extra-
cellular CBH activity was measured spectrofluorome-
trically using a MUF (methylumbelliferyl) substrate
analogue (MUF-cellobioside) at 1.5 mM. The tubes
were capped and incubated for 2 hours. After the addi-
tion of 0.05 mol/L pH 10.4 glycine buffer (1 : 1 buffer:
sample, by volume), fluorescence was measured at 455
nm under an excitation wavelength of 365 nm. Activi-
ty was calculated as µmol substrate MUF per unit of ti-
me and biofilm surface area (see below for biofilm sur-
face area measurements). PO and P activities were
measured following the method described by Sinsa-
baugh et al. (1994). Incubations (1h) were performed
at 1.5 mM L-DOPA concentration with pH 5 buffer
acetate. Controls of each streambed substrata (without
L-DOPA) and stream water (with and without L-DO-
PA) were performed. P activity was assayed in a simi-
lar manner but 0.2 ml of 0.3% H2O2 was added to
controls and samples. H2O2 acts as an enzymatic co-
factor for the P activity. After incubation, the optical
density of the liquid phase at 460 nm was determined.
Activity was calculated as mmol substrate DIQC (2,3-
dihydroindole-5,6-quinone-2-carboxilate) converted
per h-1 cm-2 (see below for biofilm surface area mea-
surements). Samples were also dried (2 days at 110°C)
and burned (4 h in the oven at 400°C) to obtain dry
weight and ash-free dry weight (AFDW). The relation-
ship between biofilm surface area, dry weight, and
AFDW in each substrata was used for the transforma-
tions in the ergosterol measurements.
Biofilm surface area was calculated as the surface
area in the substrata available for the microbial coloni-
sation. The biofilm surface of sand was obtained after
applying a conversion factor obtained by granulome-
try. In the gravel the biofilm surface area was obtained
by measuring the surface of the paper used to wrap the
grains. The biofilm surface area of leaves discs was
0.985 cm2 in each side of the disk. In branches,  the
biofilm surface area was obtained after calculating the
surface of the whole cylinder.
The spatial distribution of benthic substrata at each
sampling date was used to calculate the enzymatic ac-
tivities in terms of streambed surface area in the reach.
Measurements of CBH, PO and P activities (mean va-
lues for each substrata and sampling date) were ex-
pressed per hour and for the whole reach.
Fungal biomass
The fungal biomass in leaves, branches, sand and
gravel (3 replicates) was estimated by ergosterol
content, an indicator of Eumycetes fungal biomass.
The analysis was performed following Kominková et
al. (2000). Frozen samples were lyophilized and sub-
samples from each substratum were placed in glass
tubes. Extraction was performed with methanol at
80°C for 60 min. The resultant extract was cleaned by
solid-phase extraction (Gessner & Schmitt 1996). Er-
gosterol was purified and quantified by high pressure
performance liquid chromatography (HPLC) (Waters
Inc.) configured as follows: solvent methanol; flow ra-
te 0.7 ml/min; column Licrospher 100 RP-18 (4.6 mm
x 250 mm); absorbance detector with a range from 210
nm to 400 nm at 1.2 nm resolution. Ergosterol was de-
tected at 282 nm and quantification was based on the
comparison with ergosterol standards (Fluka Chemical
Co.). Results were expressed as µg ergosterol per g
AFDM. 
The fungal biomass per stream reach was obtained
by multiplying the ergosterol content per area occu-
pied by each substratum. Ergosterol per g AFDM
(mean value for each substrata and sampling date) was
transformed to ergosterol per cm2 biofilm by applying
an empirical relationship between surface (cm2) and g
AFDM of the same substratum (see in Enzyme assays
for the biofilm surface area calculations).
Data analysis
The differences between enzymatic activities and
fungal biomass of the distinct streambed substrata over
time were analysed using a two-way analysis of va-
riance. A Multiple Comparison test (Scheffé) was used
to observe the differences in activities between sub-
strata. To detect the significance of the differences bet-
ween organic and inorganic substrata, another ANO-
VA was performed after grouping leaves and branches
versus sand and gravel, respectively. All variables we-
re log transformed in order to assess the homogeneity
of variances and the normal distribution of data before
performing the ANOVA. Correlation analysis of envi-
ronmental and biological variables was performed
using the product-moment Pearson coefficient. The
statistical analysis were carried out using SPSS for
Windows (Ver. 12.0, SPSS Inc. 2003).
Results
Physico-chemistry
The physico-chemical parameters varied considera-
bly during the study period. There was a progressive
decrease in stream water temperature, which reached
the lowest values in January 2003. Discharge increa-
sed up to 10 times the basal flow throughout the study
period, producing drastic increases in inorganic nu-
trients (especially nitrate) and to a lesser extent in Dis-
solved Organic Carbon (Table 1). Discharge variations
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also caused changes in the proportions of benthic sub-
strata during autumn (Table 2). The leaf material du-
ring the fall peak in October and November covered
nearly 50% of the stream bed surface area. Accumula-
tion of detritic material was inversely correlated with
current values (r= -0.904, p=0.005).
Extracellular enzyme activities
There were significant differences in CBH and PO
activities between biofilms developed on different
streambed substrata and throughout the study period
(ANOVA, Table 3, Fig. 1). P activity showed signifi-
cant differences among substrata but not over time
(Table 3, Fig. 1). CBH activity was significantly higher
in biofilms developed on organic substrata, while PO
and P were significantly higher on those growing on
inorganic substrata (Table 3). The highest CBH activi-
ties were detected on biofilm of decaying Populus ni-
gra leaves (Scheffé test; Fig 1), followed by Alnus glu-
tinosa, Platanus x hispanica and branches. The lowest
CBH activity values were observed in biofilms of fre-
sh leaves, sand and gravel substrata. Biofilm on sand
and gravel showed the highest PO activity compared
with that on organic substrata (Scheffé test; Fig 1).
Among leaf species, the highest PO activity was mea-
sured in the biofilm on fresh and decaying leaves of Al-
nus glutinosa while the lowest activity was on fresh
Populus nigra leaves. The highest P activity was re-
corded in sand and gravel biofilm, even though there
were not significant differences between different bio-
films (Scheffé test; Fig 1). Among leaves, the highest
P activity was detected in biofilm on fresh and de-
caying Populus nigra leaves while the lowest was on
fresh Platanus x hispanica leaves. 
Ergosterol content
A general increase in fungal biomass occurred at the
end of autumn in all the substrata analysed (Fig. 2). Er-
gosterol content showed differences over time and
among substrata. Fungal biomass was higher on inor-
ganic substrata, particularly on sand, than on leaves
and branches (Table 3). Ergosterol on sand was ca. 10-
fold higher that on gravel. Among leaf species, Alnus
glutinosa accounted for the highest fungal biomass.
Stream reach capacity on OM decomposition
The stream reach capacity for the different enzyme
activities was calculated after considering the activi-
ties per the corresponding percent of substrata occu-
pying the streambed. High values of CBH were cha-
racteristic of the whole study period. Both PO and P
increased after several weeks (Fig 3). Biofilm in sand
and gravel were responsible for the high values of PO
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Table 1. Physical and chemical characteristics of the Fuirosos stream reach during the
study period. Values for water nutrient content are means (3 replicates) and those for
temperature and discharge are individual values of each of the seven sampling dates.
Means and standard deviations (SD) for all the study period are also shown.
Table 2. Benthic description of the Fuirosos stream reach during autumn-winter 2002/03.
Values are percent of each substratum occupying the streambed.
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Fig 1. Enzymatic activities (CBH, PO and P) in (A) Sand and gravel, (B) fresh leaves, (C) decaying leaves and branches during 2002/2003
in Fuirosos stream. Values are means and SE of activity in each substrata (4 replicates) during the 7 sampling dates. Marked in small let-
ter the groups with signifficant differences (a>b) obtained with the Scheffé test (α=0.05) are shown. Legend in graph B was also used in
graph C where branches were represnted. (MUF= methylumbellyferone; DIQC= 2,3-dihydroindole-5,6-quinone-2-carboxilate).
Table 3. Two-way analysis of variance performed between enzymatic activities of
streambed substrata and over time (1), and grouping organic (leaves and branches)
and inorganic (sand and gravel) substrata (2). F-statistics and probabilities for the
different sources of variation and interactions are shown.
and P activities. CBH showed higher values in bio-
films on  organic substrata, being initially higher on
fresh leaves and later increasing on decaying leaves.
Water temperature was negatively correlated with the
PO activity in biofilms on decaying leaves and
branches, but positively correlated with the CBH acti-
vity in sand-gravel biofilms (Table 4). Dissolved inor-
ganic nitrogen (DIN= nitrate+nitrite+ammonia) was
positively correlated with PO in biofilm on decaying
leaves and P in biofilm on sand-gravel (Table 4).
Maximum fungal biomass was reached in November
and December. Ergosterol was first accumulated on
fresh and decaying leaves (November) but later on was
more abundant on sand-gravel (Fig 4). Lignocellulosic
activities were correlated with the ergosterol content of
decaying leaves and branches (PO activity) and sand-
gravel substrata (P activity) (Table 4). The peroxidase
activity in the reach (obtained as the integration of the
enzymatic activity values in each substrata) was signi-
ficantly correlated with DIN (r=0.964, p<0.0001). In-
tegrated  fungal biomass per stream reach was also
correlated with DIN (r=0.770, p<0.0001). 
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Fig 2. Ergosterol content on the streambed substrata during autumn-
winter 2002/03 in Fuirosos stream: (A) Sand and gravel, (B) fre-
sh leaves, (C) decaying leaves and branches. Values are means
and SE of ergosterol in each substrata (3 replicates) during the 7
sampling dates. Marked in small letter the groups with signiffi-
cant differences (a>b) obtained with the Scheffé test (α=0.05) are
shown. (x) indicate samples under detection limit of the ergoste-
rol content method used (aprox. 0.2517 µg ergosterol gAFDM-1).
Some samples have no SE since the lack of replicates.
Fig 3. Enzymatic activity values corrected by real surface area oc-
cupied by each substratum in the studied stream reach. Units are
µmol MUF (CBH) and mmol DIQC (PO and P) h-1 in the whole
reach.
Discussion
Organic matter decomposition showed a clear tem-
poral pattern and remarkable differences in the enzy-
matic activities and ergosterol content between sub-
strata. According to the model of Berg (1986), the de-
composition of fresh leaves begins with the easily mi-
neralised fractions of non-lignified carbohydrates,
whereas later stages are characterized by mineraliza-
tion of more recalcitrant fractions of lignified carbohy-
drates. In the Fuirosos stream after leaf fall peak (Oc-
tober), CBH activity was high for the whole period,
while P and PO activities increased only after several
weeks. This observation indicates that OM decomposi-
tion began with cellulose decomposition followed by
degradation of lignin compounds. However, physico-
chemical parameters, such as discharge and DIN, may
also determine the time-pattern of the enzymatic acti-
vity. The abrupt flows in autumn or early winter in Me-
diterranean streams (Gasith & Resh 1999) may mobi-
lise most of the nitrate in the catchment of the Fuirosos
stream (Bernal et al. 2002). After the dry period (sum-
mer) the first storms caused the weathering of dissol-
ved and particulate OM accumulated on soil, and N
concentration in streamwater was positively correlated
with lignocellulosic activities (P and PO). Therefore
fungal activities were enhanced by nitrate availability
in a system where N may be a limiting resource (Ro-
maní et al. 2004). An enhancement of lignocellulosic
activities by the water N content has been observed in
other systems (Alvarez & Guerrero 2000). However,
Carreiro et al. (2000) described the inhibition of these
activities by high N concentrations.
Differences between biofilms colonising organic or
inorganic substrata were evident in Fuirosos. Ligno-
cellulosic activities were higher on inorganic substrata
biofilm (developed over sand and gravel) while CBH
was higher in biofilm developed on organic substrata
(leaves and branches). High ligninolytic activities in
sand and gravel biofilm were caused by the large accu-
mulation of detritic material derived from decompo-
sing terrestrial litter. The largest accumulation of this
material occurred in the slow-moving habitats, coinci-
ding with stream pools or littoral zones where sand and
gravel were the main substrata. The fine detritus accu-
mulated in these substrata might be composed by a hi-
gher proportion of lignin (Yeager & Sinsabaugh 1998,
Sinsabaugh & Findlay 1995). The lower CBH activity
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Fig. 4. Ergosterol content corrected by real surface area occupied by
each substratum in the studied stream reach. Units are mg ergos-
terol in the whole reach.
Table 4. Correlations (Pearson coefficients) calculated for CBH, PO and P activities in
terms of surface occupied by each substratum on the streambed and physico-chemical
variables (discharge, temperature, dissolved inorganic nitrogen (DIN= nitrate + nitri-
te + ammonia) and dissolved inorganic carbon (DIC)). Streambed substrata are indi-
cated FL (fresh leaves), DL (decaying leaves), B (branches), and S-G (sand and gra-
vel). Substrata and physico-chemical variables with any significant correlation are not
included in the table. Level of significance is indicated by asterisks: * p<0.05 and **
p<0.001.
of biofilm growing on sand and gravel indicates the
low availability of cellulose compounds on detritus
particles. In contrast, high CBH activity in biofilms
developed on organic substrata could reflect the avai-
lability of cellulolytic compounds on leaves and
branches. 
The enzymatic activities of biofilms differed on the
leaves of different species, which might be attributable
to differences in leaf composition (C : N ratio, lignin
content, polyphenol content, leaf durability ; Griffin
1994). The lower enzymatic activities for the biofilm
on Platanus x hispanica was already observed in pre-
vious studies developed on leaf decomposition in soil
and in other aquatic habitats. The high C : N ratio mea-
sured in this substratum (Bernal et al. 2003, Ostrofsky
1997) may be pointed out as the cause for the low mi-
neralisation  observed for this material. Slower break-
down of Platanus leaves than other indigenous Medi-
terranean leaf species (e. g: Populus nigra) (Casas &
Gessner 1999) is probably caused by the higher lignin
and other recalcitrant compounds content in the former
(Ostrofsky 1997). In contrast, high CBH and P activi-
ties were recorded in biofilms on Populus nigra
leaves, while the highest PO was measured on Alnus
glutinosa biofilm. Differences in PO activities bet-
ween biofilms of leaf material of these two tree species
are probably related to the inhibition effect of phenolic
compounds (Pind et al. 1994). The lower polyphenol
content in Alnus glutinosa than in Populus nigra
leaves (Pereira et al. 1998) may imply a higher PO ac-
tivity. This distinct enzymatic behaviour determines a
faster decomposition of Alnus glutinosa leaves in the
stream reach, followed by those of Populus nigra and
finally by Platanus x hispanica.
Fungal biomass was generally related with the enzy-
matic activities measured in the different substrata, in-
dicating that fungi were responsible for most of de-
composition processes that occurred in the stream in
autumn (Griffin 1994). The similar PO activity values
measured in biofilm in sand and gravel substrata, but
the lower fungal biomass in gravel, may be related to a
higher proportion of fungi with PO ability (white rot
fungi, Dix & Webster 1995) on gravel than on sand.
However, this activity in gravel could also be produ-
ced by some microorganisms (e. g: bacteria) using at
least part of the degradation intermediates of lignin ge-
nerated by fungi (Rüttimann et al. 1991). This possibi-
lity was supported by Baldy et al. (1995), who showed
the importance of bacteria in the late stages of the
breakdown process of leaves.
The estimates of ergosterol concentration per stream
reach showed a progression of fungal biomass throu-
ghout the study period, which decreased only after
most of the material had been processed. Fungi could
be considered as facultative microorganisms in the
sense of selection and colonization of riverbed substra-
ta during the fall. They used the new allochthonous
substrata (leaves) that entered the system during au-
tumn. When leaf material was carried downstream, the
fungi remained active on the particulate OM derived
from the breakdown of leaves and branch material,
therefore achieving complete decomposition of all the
material that entered the reach during this season. 
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